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Abstract
The influence of triaxial in-plane strain on the electronic properties of a hexagonal boron-
nitride sheet is investigated using density functional theory. Different from graphene, the tri-
axial strain localizes the molecular orbitals of the boron-nitride flake in its center depending
on the direction of the applied strain. The proposed technique for localizing the molecular
orbitals that are close to the Fermi level in the center of boron nitride flakes can be used to
actualize engineered nanosensors, for instance, to selectively detect gas molecules. We show
that the central part of the strained flake adsorbs polar molecules more strongly as compared
to an unstrained sheet.
Keywords: hexagonal Boron-Nitride flake, piezoelectricity, localized states, Nanosensor
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Introduction
Strain engineering can be used to control the electronic properties of nanomaterials. This is of
interest for fundamental physics, but is also relevant for potential device applications in nanoelec-
tronics. Because the electronic and mechanical properties of an atomic monolayer are strongly
influenced by strain they have attracted considerable attention over the last decades.1,2
Unlike graphene, a h-BN sheet is a wide gap insulator, as is bulk h-BN, and is a promising
material for opto-electronic technologies ,3–5 tunnel devices and field-effect transistors.6 Using
a combination of mechanical exfoliation and reactive ion etching, monolayer and multilayer sus-
pended h-BN sheets can be prepared.7 The band gap of boron nitride nanoribbons can be altered
by edge passivation with different types of atoms.8–10
A combination of an odd number of h-BN layers is a non-centrosymmetric ionic crystal which
is piezoelectric due to D3h symmetry.11,12 The corrugations on the h-BN sheet results in a strong
polarization in the plane of the sheet which depends non-analytically on the wave vector of the cor-
rugations.13 h-BN sheet has a non-linear elastic deformation up to an ultimate strength followed
by a strain softening to failure.14,15 Moreover, the band gap of boron nitride nanotubes can be re-
duced by a transverse electric field due to a mixing of states within the highest occupied molecular
orbital and the lowest unoccupied molecular orbital.16–19 The reduction in the band gap due to
uniaxial strain results in tunneling magnetoresistance ratio which increases linearly with applied
strain.20 Here we propose an alternative approach for electron hole localization based on a tunable
parameter, i.e. inhomogeneous strain.
Developments of nanosensors of (different) gases is to a great extent related to the response to
both the morphology and the surface states of the material. Single-wall carbon nanotubes (SWNT)
can act as a chemical sensor for sensing gaseous molecules such as NO2 or NH3 where the electri-
cal resistance of a semiconducting SWNT is found to dramatically increase or decrease.21–24 Here
we study the effect of strain on the adsorption mechanism and propose a new and tunable way to
control the adsorption of a gas.
In this paper, using density functional theory (DFT) calculations, we show a spatial separa-
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tion of the highest occupied and lowest unoccupied molecular orbitals (i.e. HOMO and LUMO)
in response to a triaxial in-plane strain. The result is in agreement with the predictions from
piezoelectricity theory. Consequently, the binding energy of an external polar molecule over the
strained sample is considerably enhanced. Depending on the applied triaxial strain on the zig-zag
edges with boron (nitrogen) termination the HOMO (LUMO) is confined in the central portion of
the flake. This study opens a new avenue in the field of strain engineering of a monolayer of h-BN
in terms of tunable spatial localization of the frontier orbitals. (it controls and enhances chemical
reaction). In recent experiments the edge structure of graphitic nanostructures were successfully
controlled25 and well defined (e.g. hexagonal shape) graphene flakes with zig-zag edges were
observed.26 Consequently, the proposed experimental set up is realistic and therefore we expect
that the calculated effects will be measurable on micron size samples employing experimental re-
alized controlled edge chirality.25–27 A simple experimental set up for creating triaxial strain was
proposed in Ref.2
The paper is organized as follows. In Sec. II, we present our theoretical approach for triaxial
strain and corresponding piezoelectricity. In Sec. III we present the molecular dynamics simulation
and density functional calculation methods. Then in Sec. IV we give and discuss our results. We
conclude the paper in Sec. V.
Theoretical Model
1(a) shows a hexagonal h-BN flake with zig-zag edges passivated by hydrogen. The distortion of
a hexagonal boron-nitride flake subjected to triaxial strain along three equivalent crystallographic
directions is shown schematically in 1(b). The original shape is shown by the dotted-red circles
and the deformed shape by the blue-solid curves. In polar coordinates (r,θ) the applied triaxial
strain results in a displacement vector2 u= (ur,uθ )=C r2(sin(3θ),cos(3θ)), where C is a constant
determining the strength of the applied strain and has dimension of inverse length. Notice that the
r2-dependence in u insures that the applied triaxial strain can also be realized on an infinite or
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Figure 1: (a) Hexagonal flake of BN passivated by H atoms (white balls). (b) A schematic rep-
resentation of the distorted hexagonal boron nitride flake by the applied triaxial strain. The red
curves represent the original shape and the blue curves indicate the distorted flake. The flake is
stretched along the three crystallographic directions which are represented by the three red vectors.
The NB system is obtained by interchanging B and N atoms, or equivalently by rotating (a) and
the central hexagon in (b) by an angle pi/3, see 3(d,e,f).
macroscopic sheet. In the following we will first present a simple analytical theory that agrees
qualitatively with our numerical DFT results.
Linear elasticity theory for an isotropic material leads to the stress-strain relation, i.e. σ jk =
λδ jk∇.u+ 2µε jk, where λ and µ are the Lamé parameters that determine the stiffness of the
material. If we substitute u in the latter equation the components of the stress tensor in polar
coordinates are written as
σ(r,θ) = 4µ C r


sin(3θ) cos(3θ)
cos(3θ) −sin(3θ)

 .
Here, it is more convenient to use the components of the stress tensor in Cartesian coordinates
where the y axis is taken along the arm-chair direction and the x axis is taken along the zig-zag
direction. The edges under strain can have B (called BN system) or N (called NB system) atoms
(e.g. in 1(a), the strain is applied on B atom edges, i.e. the BN system is stretched along the
red arrows). Note that the three strained edges (or free edges) have only one type of atoms. We
5
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Figure 2: Electrostatic potential in arbitrary units at distance z = 2× 10−4R above a disk of ra-
dius R subject to triaxial strain as predicted by our theoretical model based on linear theory of
piezoelectricity (inset shows top view).
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consider here the case of strained B edges, i.e. the BN flake of 1.
Using the product σ(x,y) = ℜσ(r,θ)ℜT , where ℜ is the rotation matrix about the z axis, the
stress tensor in Cartesian coordinates can be rewritten as
σ(x,y) = 4µ C


y x
x −y

 .
On the other hand, an elastic in-plane deformation of the h-BN flake lowers its lattice symmetry,
redistributes the valance charges in terms of shifting σ and pi bonds and produces a non-zero
polarization. Using linear piezoelectricity theory, the induced polarization due to the applied strain
can be written as Pi = di, jkσ jk, where d is the third rank piezoelectricity tensor which has in general
(in two dimensions) 8 elements where the indices (i, j,k) can be x and y. The 3 m symmetry of
the h-BN sheet results in only one independent element for the piezoelectricity tensor, d0 = dy,yy.
The tensor is invariant under a rotation angle of 2pi/3 about the z-axis which yields the following
symmetry relations: dy,yy =−dy,xx =−dx,yx =−dx,xy. Substituting σ(x,y) in Eq. (1) results in the
local induced dipoles:
Px =−8d0 µ C x, Py =−8d0 µ C y. (1)
Note that the local dipoles are directed radially inward, i.e. P = −8d0 µ C r~er with magnitude
8d0 µ C per unit of radial distance. For a disk with diameter D = 2R and using C = δ/D, the total
induced dipole moment is found to be zero by integrating over the disk from 0 to φ
PTx =−2d0 µ δ R sin(φ),PTy =+2d0 µ δ R cos(φ), (2)
where φ = 2pi i.e. PTx (2pi) = PTy (2pi)=0. Notice that PTi (pi) = PTi (−pi). The local P results in
a surface charge density (σp = −∇.P) and a boundary charge density (λp = −P.~er), hence the
corresponding electrostatic potential φP(−→x ) which is proportional to ∫ σpds
′
|−→x −−→x ′|
+
∮ λpdl′
|−→x −−→x ′|
can
be written in terms of Bessel functions of the second kind and results in a radially decreasing
potential. For a disk with radius R, the first integral is taken over the disk surface and the second
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is taken over its perimeter. In 2 we show φP(−→x ) in x-y plane at height z = 2× 10−4R above
a circular flake with radius R. These results are in qualitative agreement with the electrostatic
potential (ESP) obtained from our DFT results shown in 4(a,d). Notice that for uniaxial strain,
e.g. u = (x,0) and shear strain, e.g. u = (y,x) the used formalism gives P = (Px,0) = (µ d0,0)
and P = (0,Py) = (0,−2µ d0), respectively, which are in agreement with the DFT results of Ref.12
It is important to note that the above model is size-independent and is valid also for an infinitely
large h-BN flake. On the other hand applying strain on the N-edges (NB-system) is equivalent to
the transformation θ → θ +pi/3 in u which yields uNB =−C r2(sin(3θ),cos(3θ)). Rewriting the
above theory for the latter displacement vector results in P = 8d0 µ C r−→er which has the opposite
direction of the dipole moment of BN. This is in agreement with our DFT results shown in 4(d,e,f)
for NB (we will discuss our DFT results below). We conclude that for an infinite hexagonal flake
with zig-zag edges we have the opposite localization scheme for HOMO and LUMO depending
on whether strain is applied on the N-edges or the B-edges.






















Figure 3: Four representative snapshots of molecular dynamics simulations of the hexagonal
shaped h-BN flake subject to triaxial strain. The red and blue colors indicate the regions with
highest and lowest stress, respectively. The direction of the applied strain ε is shown by the arrows
in the first snapshot and d=4.6 nm.
Computational Details
First, in order to study the stress distribution28 on a large scale h-BN flake, we performed classical
molecular dynamics (MD) simulation at T =300 K for a system with 2400 atoms. We used a
8
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Figure 4: (a,d) Electrostatic potential surface mapped on an isosurface of electronic density of
1.5×10−2 e/Å3, (b,e) highest occupied and (c,f) lowest unoccupied molecular orbitals for hexag-
onal shaped h-BN flakes subject to different triaxial strains ε applied along the directions indicated
by the arrows. The lower (higher) ESP is indicated by red (blue) color. In BN system (a, b, c) the
stretched edges are terminated by B atoms while in NB system (d, e, f) the edges terminated by N
atoms are stretched. Note that rotating the ε = 0 panels in (a,b,c) by an angle pi/3 gives the ε = 0
panels in (d,e,f), respectively.
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modified Tersoff potential (which is defined in the LAMMPS package29,30) using the parameters
proposed by Sevik et al31,32 for a h-BN sheet. 3 shows four snapshots of our MD simulation for a
h-BN flake with three of the zig-zag edges subject to triaxial strain as shown by the arrows. Notice
that the corners are always under higher stress (red color) while the central atoms are subject to
a reduced stress (blue color) (this results in a high pseudomagnetic field at the corners in case of
graphene2).
To study the electronic behavior of the flakes in response to triaxial strain, we employ DFT
as implemented in the GAUSSIAN (G09) package.33 The electronic wavefunction is expanded
using the 6-31G* Gaussian type basis set and the exchange-correlation is treated using the hybrid
functional B3LYP. The self consistency loop iterates until the change in the total energy is less
than 10−7 eV. In an unstrained hexagonal flake, distance of the edges to the center is denoted by
d0. The triaxial strain (ε = δ/d0) is applied stepwise by rigidly displacing the atoms on the edges
in directions normal to the corresponding edges such that the distance of the edges from the center
becomes d = d0 +δ . Note that all atoms on each zig-zag edge are of the same type (see 1).
Results and Discussion
In order to explain the change in the main electronic properties as resulting form triaxial strain in
BN and NB flakes one should consider the following issues: i) contrary to the fixed edges, the
free edges are relaxed (hence can expand) when applying strain; ii) as we showed in section II
both BN and NB under stress become polarized locally with different orientation while the total
dipole moment is zero, iii) the polarization and the electrostatic potential distribution in the system
correlate, and iv) all edges (both BN and NB) are passivated by hydrogens and because of the
difference of electronegativity of H, B and N the results will be different for unsaturated flake
edges.
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Localized states and electrostatic potential
The electrostatic potential, highest occupied and lowest unoccupied molecular orbitals obtained
from the DFT calculations for a hexagonal shaped h-BN flake consisting of 252 atoms (d0 =
1.35 nm) are shown in 4 for five different values of ε = δ/d0. When the flake is stretched at the
B edges (i.e. BN system, 4(a-c)), both the region with higher ESP and the LUMO are localized in
the central part. On the other hand, when strain is applied on the N edges (i.e. NB system, 4(d-f)),
the region with lower ESP and the HOMO both are localized again in the center. In the unstrained
(ε=0) flakes the LUMO is localized on the N-edges, while the HOMO is not concentrated on the
B-edges which is different from the case of rectangular ribbons.16,34 For a rectangular ribbon the
N atoms absorb electrons from H and therefore the HOMO is localized on the N atoms while in
the B edges the H atoms gain electronic charge from those B atoms and the B atoms loose their
electrons and consequently the LUMO is on the B atoms. In the hexagonal unstrained flakes, the
N atoms absorb electrons and the HOMO is also on the N atoms. But the LUMO is only on the B
atoms in the mid point of the B edge while the B atoms situated at the corners of the B edge do not
contribute in the LUMO. The reason is that the corner B atoms recover their lost electrons from
their N neighbors at the same corner. In 5(a) the Mulliken charge change when applying 10%
strain is shown for a BN flake with 432 atoms. It is seen that the B atoms transfer electrons to N
atoms which make the system highly polarized. The charge distribution reveal the corresponding
triaxial applied stress shown in 1(b).
The larger ε , the more localized the HOMO (LUMO) in the center of the NB (BN) flake. This
is due to the appearance of longer bond-lengths (aBN). The longer the B-N bond length, there
is the less 2pz hybridization. In 5(b) the distribution of aBN for a strained BN flake (ε = 10%) is
shown (bonds longer than 1.6 Å are not shown for clarity). This bond length distribution shows the
weakening of the covalent bond perpendicular to the stressed edges. One can connect this pattern
to those shown in 4(a,b,c). The longer the bonds perpendicular to the B (N) edge in a BN (NB)
flake the larger the inward (outward) dipole moment.
The gradient in ESP from the edges into the center increases with increasing ε . We performed
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also DFT calculations to study similar effects in a graphene flake with the same size but no such
localization/polarization effects were found.
In order to ensure that the observed effect is independent of the flake size, we performed cal-
culations35,36 for a larger flake with 2520 atoms (d0 = 4.6 nm) and found similar localized frontier
orbitals as shown in 6. The reason for the specific spatial localization of the frontier orbitals is
the rehybridization of the electronic orbitals due to the new position of the atoms. The induced
inhomogeneous strain changes the bonds non-uniformly and yields local dipoles which are mainly
oriented radially. Note that in general, finite flakes or nanoribbons of h-BN might be polarized due
to their finite size.16 However, here the finite flake has zero total dipole moment because of the
symmetry of the flake even when it is subject to triaxial stain.
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Figure 5: (a) The Change in the Mulliken charges induced by applying strain (ε = 10%) to the
BN flake. Circle radius corresponds to the charge difference between strained and unstrained BN
flakes. (b) The bond length, i.e. aBN , distribution in a strained BN flake (ε = 10%). For clarity,
bonds longer than 1.6 Å are not shown. (c) DOS spectra of strained (10%) and unstrained BN
flakes.
Strain energy and gap variation
7(a) shows the variation of the strain energy as function of the applied strain which exhibits a
quadratic behavior as expected from Hooke’s law. 7(b) shows the variation of the HOMO-LUMO
energy gap with ε . The density of states (DOS) spectra for strained (ε = 10%) and unstrained BN
flakes are shown in 5(c). By applying the strain, the HOMO-LUMO gap decreases by about 2 eV,
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and new peaks appear above the LUMO. The decreasing of the gap and modification of the DOS
profile with increasing strain is attributed to the spatial localization of the HOMO and LUMO on
regions with different ESP. For example, applying strain on the BN flake localizes the LUMO at
the center of the flake where the electrostatic energy of an electron is lower because of high ESP.
Similarly, applying strain on the NB flake rises its HOMO energy level because it localizes the
HOMO at the center where ESP is lower in this case. For larger strains the energy difference of the
localized states at the center and the edges becomes larger resulting in a smaller energy difference
of the frontier orbitals, i.e. smaller gap. The different dependence of the gap on the strain for BN
and NB (see 7(b)) is a consequence of the distributed HOMO along all the edges and mostly the
corners of the strained BN system and the fact that the LUMO is localized at the B edges in the NB
system. Similar effect has been seen by applying an external electric field to nanoribbons.16 Note
that the strain induced change in the conductance of graphene was previously investigated2,37 but
at present no similar study is available yet for h-BN.
Figure 6: HOMO of NB (left) and LUMO of BN (right) flakes with 2520 atoms (d0 = 4.6 nm)
subjected to the strain ε = 0.15. Notice that for this lager system we can apply larger strain as
compared to the smaller system shown in Figure 4.
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Figure 7: (a) The strain energy of the hexagonal shaped BN and NB flakes as function of the strain
parameter, i.e. ε . (b) The variation of the energy gap with ε . Each flake consists of 252 atoms.
Application as a gas nanosensor
Two alternative methods to realize this kind of triaxial stretching of two dimensional materials1,2
are proposed recently. It was reported experimentally1 that nanobubbles of graphene grown on
a Pt(111) surface suffice very high inhomogeneous triaxial strain which changes significantly the
electronic properties of graphene resulting in e.g. a pseudo-magnetic fields larger than 300 Tesla.
The following experimental set up might also be possible: Fixing the 2D layer (here h-BN) on a
triangular shaped trench and subsequently injecting a high pressure gas into the hole will stretch
the 2D layer and exerts a triaxial inhomogeneous strain on the flake.
The controllable localizing of the frontier orbitals in the central part of the h-BN flake is impor-
tant for nanosensoring technological applications, e.g. for filtering gas adsorbates. The key idea is
to control the binding energy of a molecule, namely
Eb = (Emolecule +E f lake)−Emolecule/ f lake (3)
via the applied strain. Here Emolecule and E f lake are the energies of the pristine molecule and flake,
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respectively, while Emolecule/ f lake is the energy of the molecule over the examined flake. As an
example, we study here the adsorption of an ammonia molecule as function of the strain on the h-
BN flake. We put the NH3 molecule in the central region of the stretched flake and relax the system
under external triaxial strain. Starting from different orientations, we found the minimum energy
when the molecule is adsorbed onto a B atom in the middle as shown in 8(a,b). More importantly,
as seen in 8(c), the binding energy depends strongly on the strain such that by applying a strain of
10% the binding energy is almost doubled. One notes that ε = 0 indeed gives the minimal Eb. We
performed similar calculations when the flake is triaxially compressed and found that the binding
energy also increases.
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Figure 8: Top (a) and side (b) view of the adsorbed NH3 on a h-BN hexagonal flake. (c) The
variation of the binding energy and Mulliken charge on the NH3 molecule (inset) vs the strain.
NH3 has one lone pair of electrons on the nitrogen atom making it an electron donor. Therefore
the molecule is positively charged when chemically bonded to the B atom. 9(a) depicts the electron
density mapped on the plane containing this B-N bond when the flake is not stretched. The impact
of strain on the redistribution of the electronic charge is seen in 9(b) and it predicts a stronger
covalent bonding between the molecule and the flake. Consistently, the total Mulliken charge on
15
NH3 increases monotonically from 0.19 e for the unstrained flake to 0.23 e when ε = 0.1. In the
same time, the binding energy increases from 0.41 eV to 0.82 eV as shown in 8(c). Triaxally
stretching the flake also quenches its buckling due to the interaction with the adsorbed molecule
such that the out of plane height of the B atom under the ammonia molecule is 0.68 and 0.34 Å for
zero and ε = 0.1 strains, respectively. Finally, the length of the chemical bond between the N atom
of NH3 and the B atom of the flake also decreases monotonically form 1.83 to 1.75 Å between the
mentioned strains. Notice that, the binding energy of the NH3 molecule is almost the same on any
B atom in the region around the center of the BN system where the LUMO is extended.
Figure 9: Contour maps of the electron density around the chemical bond between an ammonia
molecule and a central B atom of a BN flake subject to zero (a) and ε = 0.1 (b) strain. The plane
of the map is normal to the flake and passes through N and one of the H atoms of NH3. We put
N in blue, B in purple and H in white (c.f. 8(a)). The successive contours differ by 101/4 and the
color bar shows the electron density in atomic units.
The enhancement of the adsorption of NH3 on the BN flake by strain can be explained in
the framework of the so-called frontier molecular orbitals theory38 which implies that there is a
higher tendency for adsorption of such a molecule onto those sites of the flake where the LUMO
is localized, i.e. the central part. However, for the NB flake the central part has no contribution to
the LUMO and we found that the binding energy is more than twice smaller than for the BN flake.
Conclusions
In summary, by using DFT calculations we showed that the occupied (unoccupied) orbitals of a
hexagonal shaped h-BN flake can be localized in the center of the flake by applying triaxial strain
16
on the N(B) atoms at the edges of the sample. The h-BN flake is locally polarized but the net
polarization is zero. As an example we investigated the adsorption of ammonia and found its
adsorption on the B-edges stretched BN flake is more likely than on the N-edges stretched flake.
This is a consequence of the specific spatial localization of the frontier orbitals. This particular
kind of localization of the frontier orbitals might have technological applications for the design of
piezoelectric and nanosensor devices.
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